Introduction
It has been recognized recently that gold has great potential as heterogenous catalyst when the electronic structure of bulk gold is modified by reducing the particle size to a few nm, by support interaction, or by electro-negative promoters. Examples are the low-temperature oxidation of CO and CH 4 and the water-gas shift reaction on gold nanoparticles [1] [2] [3] , oxygenpromoted dissociation of O 2 on Au{111} 4 , or chlorine-promoted selectivity in the oxidation of olefins and mercury 1, 4, 5 . The selectivity-enhancing effect of chlorine in particular and the general importance of halogens in electrochemical reactions have prompted a number of experimental and theoretical studies on halogen adsorption on the close packed {111} surfaces of the group 1B coinage metals Cu, Ag and Au [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] .
Chemisorbed Cl layers display well-ordered phases, which make structure determinations possible with a number of experimental techniques. The experimental studies agree that Cl prefers fcc adsorption sites on Cu and Ag{111} 9, 10, 17 . Studies of iodine adsorption on Cu and Ag{111} indicate that iodine prefers fcc sites at low coverage, whereas at higher coverage compressed structures are found with both types of three-fold hollow sites, fcc and hcp, occupied 6, 8 . Theoretical studies of halogen adsorption on transition metal surfaces usually find fcc sites as the lowest energy adsorption sites, however there are only small differences between hcp an fcc sites [15] [16] [17] 19 .
Previous studies of chlorine adsorption on Au{111} have shown contradictory results. Spencer 
Experimental and Calculational Methods

Experiment
The experiments were carried out in a standard UHV chamber equipped with a rear-view LEED optics (OCI Vacuum Microengineering) and an electron energy analyzer with dual anode X-ray source (PSP Vacuum Technology) for sample characterization by XPS. The base pressure of the system was below 2 × 10 −10 mbar, with hydrogen as the main residual gas in the chamber. The Au{111} surface was cleaned by cycles of Ar ion bombardment and annealing to approximately 800 K. The sample was considered clean when no traces of contamination were found in XPS and the LEED pattern showed sharp integer order spots together with the satellite spots indicating the typical herringbone reconstruction of clean Au{111}. Chlorine was generated in-situ from a solid state electrochemical cell and was dosed onto the clean surface at room temperature until a sharp p(
• LEED pattern was obtained. Iodine was dosed from the gas phase using flakes of solid iodine placed in a glass ampoule, which was attached to the gas-dosing line of the UHV chamber. It was possible to observe the LEED pattern while iodine was dosed from the back-
• superstructure was obtained and no more satellite spots from the herringbone reconstruction could be observed. Once the iodine or chlorine structures were formed, the sample was cooled to approximately 150 K for the LEED measurements. It was found that cooling enhanced the contrast and sharpened the spots in the LEED patterns. The spot intensities were measured at normal incidence as a function of the energy of the incident electrons (LEED-IV spectra). The LEED-IV spectra were background-subtracted and normalized with respect to the primary beam current. A total of 42 spots were extracted for both structures. The intensities of the symmetrically equivalent spots were averaged in order to reduce the experimental noise, which led to a cumulative energy range of inequivalent IV curves of 1799 eV for the Cl and 1670 eV for the I adsorption structure.
LEED calculation
The structure determination was performed with our fully automated "CLEED" program 26 package based on fully dynamical scattering theory described by Pendry 27 and Van Hove and Tong 28 . Bulk diffraction was calculated using Pendry's layer doubling method for gold bulk inter-layer spacings of 2.356Å. Scattering phase shifts for Au, Cl and I atoms were calculated as a function of energy using the program package provided by Barbieri and Van Hove 29 . The maximum angular momentum quantum number l max was set to 10. The imaginary and real parts of the inner potential were set to 4.0 eV and -5.5 eV, respectively, for the chlorine modified Au{111} surface and 4.0 eV and -8.5 eV for the iodine modified Au{111} surface. Initially, the radial root mean square displacement for Au, Cl, and I were assumed 0.07Å, 0.12Å, and 0.09Å, respectively. In the final stage of the searches the displacements were optimized together with the inner potential to obtain the best fit between theory and experiment; these values are listed in Table 2 . The downhill simplex method was used for the structure optimization 30 . The agreement between the experimental and theoretical IV curves was quantified with Pendry's R P factor and the error limits for the determined parameters were calculated using the RR factor method 31 , which leads to a statistical error margin of 13% and 14% for the Cl and I data. Threefold rotational symmetry was assumed during the structural optimization for fcc, hcp, and top sites. For the bridge sites the only symmetry element was a mirror plane. The observed threefold symmetry is the result of the superposition of three domains rotated by 120 • . The angle of incidence was optimized as part of the structural optimization, which increases the number of search parameters by 2.
For both the chlorine and iodine p(
ers, five types of structures were tested, in which the halogen atoms occupy atop, bridge, and threefold fcc or hcp hollow sites on a flat Au{111} surface ( Fig. 1.a) and bridge sites on top of a layer of 0.67 ML Au adatoms ( Fig. 1.b) . These include all the structures that were found to be energetically most favorable for 0.33 ML Cl on Au{111} in a recent theoretical study 21, 24 . A coverage of 0.33 ML was assumed for all structure models such that the ( √ 3 × √ 3) surface unit cell contains one halogen atom. The start geometry for each structure optimization was an ideal bulk-terminated substrate with the halogen atoms at a height that corresponds to hard spheres placed on the respective adsorption sites using the covalent radii of 0.99Å for Cl, 1.35Å for I and 1.44Å for Au. During the structure optimization the atoms of the Cl/I layer and the first three Au layers were allowed to relax in lateral and vertical direction. The lowest R P factors achieved for each type of structure are listed in Figure 1 and text for further explanation.
For chlorine the R P value of 0.19 clearly identifies fcc as the adsorption site. The experimental and calculated IV curves for the optimized structure are shown in Figure 2 to illustrate the level of agreement between experiment and theoretical calculations. Both the numerical and visual agreement is within the range of recent LEED-IV studies for other atomic adsorbates on close-packed metal surfaces (see e.g. [32] [33] [34] ). The parameters of the best fit structure are summarized in Table 2 and illustrated in Figure 3 .
The relaxation of the three uppermost Au layers with respect to their bulk positions (∆z n,n+1 ) indicate small contractions of the inter-layer distances of less than 0.03Å or 1.2%. The chlorine adatoms are at a vertical distance d Cl,1 = 1.94Å above the three-fold fcc hollow sites with identical chlorinegold bond lengths of 2.56Å. This bond length is 0.32/0.22Å larger than the Cl-Au bond lengths in AuCl 3 (2.24/2.34Å 35 ) and 0.13Å larger than the sum of the covalent radii of gold and chlorine (1.44Å and 0.99Å). Ab initio calculations predict larger Cl-Au bond lengths of 2.69Å 22 and 2.70Å 19 . Based on the electron density distribution, Baker et al. concluded that the Au-Cl bond is predominantly covalent in nature 22 , which is in line with the common view of the bond nature of gold-(III)-chloride, AuCl 3 , because of the high electronegativity of gold 35 . The gold atoms in the first layer surrounding the fcc site move laterally slightly away from the Cl atom, 0.05 ± 0.04Å with respect to their bulk positions. Unlike chlorine, iodine atoms adsorb in hcp hollow sites. This geometry yields a minimum R P factor of 0.26, which is significantly higher than that for the best fit Cl structure. Partly this is due to saturation of the LEED screen for high-intensity spots, which leads to plateau-like maxima for some energies in the experimental IV curves, which are not well reproduced in the theoretical curves. Still, the R P value of 0.26 is very significantly lower than the values for any other geometry model tested in this study (cf Table 1 ) and within the range of previous LEED-IV studies of halogen adsorption, with R P factors up to 0.27 reported 32 . The atom positions within the best fit Au{111}-p( √ 3 × √ 3)R 30 • -I surface structure are listed in Table 2 and depicted in Figure 4 ; for the experimental and simulated IV curves see Figure 5 . All relaxations of the top-most three Au layers with respect to the bulk positions are within the error bars of the structure determination but overall there is an expansion of these layers with respect to the chlorine structure. The iodine adatoms are bonded to the gold atoms surrounding the threefold hcp sites at a vertical height of 2.31Å, which corresponds to I-Au bond lengths of 2.84Å. This is only 0.05Å larger than the sum of the covalent radii of gold and iodine (1.44Å and 1.35Å) and 0.06Å smaller than the bond length of 2.90Å predicted theoretically 19 but very different from the bond length, 2.62Å, in the linear chain of AuI 35 . As I is less electronegative than the Cl one would expect a more covalent bond between Au and I and a bond length in accordance with findings of previous studies on chlorine adsorption on fcc transition metals that show metal-halogen bond lengths approximately equal to the sum of the covalent radii of halogen and metal Strong ionic interaction should cause disturbance to the Au{111} substrate. We do not find, however, any strong relaxation with respect to the gold bulk structure in either of the two structures, which corroborates the covalent nature of the Au-Cl/I bonds. On the other hand, the fact that the surface layer of gold atoms is bulk-like is a very significant change with respect to the clean surface, where an uniaxially compressed "(22 × √ 3)" herringbone reconstruction is observed, which has a 5% higher atom density than the bulk-terminated surface 40 . This surface reconstruction is due to a lack of bonds and, hence, a surplus of electrons in the surface layer and can be modified by changing the effective surface charge. Adsorbed alkali atoms cause the top layer of Au to become even more densely packed 41 , whereas electronegative atoms like O, I, or Cl lift the herringbone reconstruction 12, 14, 21, 25, 42 . The excess gold atoms are incorporated into the (1 × 1) surface layer at the step edges. Previous STM studies showed that these structural transitions usually require less than stoichiometric amounts of adsorbate atoms 14, 41 , indicating that it is indeed the charge transfer and not the bonding of individual atoms that causes the gold surface to transform. For both chlorine and iodine, ab initio calculations seem to systematically overestimate the Au-X bond length. While this "underbinding" does probably not affect the conclusions about the covalent nature of the bond -in fact the experimental values are closer to those expected for a covalent bond -it may explain the discrepancies between theory and experiment in terms of adsorption sites preference. With the adsorbate being closer to the surface the energy difference between the hcp and fcc adsorption site should be more pronounced, since it is due to the arrangement of atoms in the second layer, and may even change its sign. All theoretical studies of halogen adsorption on Cu, Ag, or Au {111} surfaces find very small energy differences, of the order of a few 10 meV per adsorbate atom, between hcp and fcc sites and a preference for fcc at low coverage around 0.33 ML 15, 16, 19, 21, 24 . This would imply some degree of thermally induced site disorder, even at 150 K, which has never been reported for Cl or I on Au{111} 14, 21 . More strikingly, however, we find two different adsorption sites, fcc and hcp, respectively, for Cl and I in our experimental study, whereas ab initio calculations predict fcc sites for both adsorbates.
Summary
A quantitative low-energy electron diffraction structural analysis has been performed for the ordered p( √ 3 × √ 3)R 30 • structures of chlorine and iodine on Au{111}. Chlorine adsorbs on fcc hollow sites, at a vertical distance of 1.94Å which leads to a Cl-Au bond length of 2.56Å. The top-most layers of the gold substrate are essentially bulk-like with small contractions of the first and second gold interlayer distances by up to 1.2%. Iodine adatoms are bonded in hcp hollow sites at a vertical distance of 2.31Å from the first gold layer and a I-Au bond length of 2.84Å with no significant relaxation in the substrate with respect to the bulk positions. In both cases, the halogen-gold bonds are shorter than theoretically predicted and close to the sums of the covalent radii of the atoms involved, which corroborates the covalent nature of these bonds.
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